Twenty two reinforced concrete continuous deep beams with openings and two companion solid deep beams were tested to failure. The main variables investigated were the configuration of web reinforcement around openings, location of openings, and shear span-to-overall depth ratio. The influence of web reinforcement on controlling diagonal crack width and load capacity of continuous 2 deep beams with openings was significantly dependent on the location of openings. The development of diagonal crack width and load capacity of beams having openings within exterior shear spans were insensitive to the configuration of web reinforcement. However, for beams having openings within interior shear spans, inclined web reinforcement was the most effective type for controlling diagonal crack width and increasing load capacity. It has also observed that higher load and shear capacities were exhibited by beams with web reinforcement above and below openings than those with web reinforcement only above openings. The shear capacity at failed shear span of continuous beams tested is overestimated using Kong et al's formula developed for simple deep beams with openings.
INTRODUCTION
Openings are frequently provided in reinforced concrete deep beams to facilitate essential services, such as ventilating ducts, water supply and drainage pipes, network access or even movement from one room to another. However, most experimental [1] [2] [3] [4] and theoretical [5] [6] [7] investigations to evaluate the shear strength of such members focused on simply supported deep beams with openings. There are very few, if any, tests of continuous deep beams with different web reinforcement arrangement around web openings. Furthermore, their design details have not been yet provided by most code provisions [8] [9] [10] [11] , though web openings have a significant effect on the shear capacity and load transfer mechanism of deep beams.
Kong et al. 5 tested eight simply supported deep beams reinforced with various arrangements of web reinforcement around openings and concluded that the inclined web reinforcement was the most effective form for controlling diagonal crack width and increasing the shear capacity. Tan et al. 6 also pointed out that web reinforcement in the lower load path below openings was not effective based on a theoretical analysis of simply supported deep beams using strut-and-tie model. However, the influence of web reinforcement around openings on the load capacity of continuous deep beams would be dissimilar to that of simple deep beams. Experimental studies [12] [13] [14] showed that the failure mechanism and load capacity of continuous deep beams are different from those of simple deep beams owing to the coexistence of high shear and high moment in interior shear spans and the development of tensile strains in both longitudinal top and bottom reinforcements. This would cause a significant reduction in the effective strength of concrete struts that are the main load transfer element in deep beams.
The main objective of this study is to assess the effect of web reinforcement around openings on diagonal crack width and load capacity of continuous deep beams. Twenty-two two-span reinforced concrete deep beams with web openings and two companion solid deep beams were tested to failure.
The main variables investigated were the configuration of web reinforcement around openings, location of openings, and shear span-to-overall depth ratio. The shear capacity of beams tested is compared with Kong et al.'s empirical formula calibrated against test results of simple deep beams with web openings.
TEST SPECIMENS
Geometrical dimensions and opening size Table 1 and Fig. 1 show the geometrical dimensions and web reinforcement arrangement around openings of test specimens. All beams tested had the same section width w b of 160 mm and overall depth h of 600 mm. The shear span-to-overall depth ratios h a / , where a = the shear span, were selected to be 0.6 and 1.0. Web openings were located in either interior or exterior shear spans as shown in Fig. 2 . The opening size was selected as a 5 . 0 × h 2 . 0 to produce an opening area ratio
which is the ratio of the opening area to shear span area, of 0.1 regardless of variation of the shear span-to-overall depth ratio. The width and depth of openings were 180 mm and 120 mm, respectively, for beams having h a / =0.6, and 360 mm and 120 mm, respectively, for beams having h a / =1.0. In each beam tested, the opening centre was positioned in accordance with that of the shear span area to completely interrupt the natural load path joining the edges of load and support plates as shown in Fig. 1 .
Steel reinforcement
The configuration of web reinforcement around openings included four different arrangements as shown in Fig. 1 : none, only vertical, only horizontal, and only inclined reinforcement. To assess the effectiveness of web reinforcement below openings, the arrangement of web reinforcement was classified into two groups, one of which was U-type for web reinforcement only placed above openings as shown in Fig. 1 (b) to Fig. 1 (d) , and the other was B-type for web reinforcement symmetrically placed at both above and below openings as given in Fig. 1 (e) to Fig. 1 (g ). Beams having openings within exterior shear spans had only U-type web reinforcement, while beams having openings within interior shear spans had either U-type or B-type web reinforcement.
For all beams tested, the longitudinal top,
, and bottom, s closed stirrups and evenly placed along the opening width as shown in Fig. 1 (b) and Fig. 1 (e) . The horizontal web reinforcement with 90° hook was arranged along the depth of top chord above openings or bottom chord below openings as shown in Fig. 1 (c) and Fig. 1 (f) . The angle of all inclined reinforcement was chosen to be 45° to the longitudinal axis of beams tested as shown in Fig. 1 (d) or Fig. 1 (g ). Both horizontal and inclined web reinforcements were placed at a spacing of 30 mm at both sides of the beams and satisfied the development length specified in ACI 318-05. In all beams with openings, two horizontal deformed steel bars of 10 mm diameter were placed immediately above openings to ease the arrangement of vertical web reinforcement and transfer tensile forces by strut-and-tie action as suggested by Tan et al.
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Beam notation
The beam notation given in Table 1 includes four parts except for the companion solid deep beams, 6N and 10N. The first part is used to identify the shear span-to-overall depth ratio: 6 for h a / =0.6
and 10 for h a / =1.0. The second part refers to the opening location: E for web openings within exterior shear spans and I for web openings within interior shear spans. The third part gives configuration of web reinforcement: N for no web reinforcement, V for vertical web reinforcement, H for horizontal web reinforcement, and I for inclined web reinforcement. The last part explains the type of web reinforcement: N for no web reinforcement, U for U-type web reinforcement, and B for B-type web reinforcement. For example, the notation 6EVU identifies a continuous deep beam with web openings within exterior shear spans, having shear span-to-overall depth ratio of 0.6 and vertical web reinforcement of U-type.
Material properties
The ingredients of ready-mixed concrete used to cast the test specimens were ordinary portland cement, fly-ash, irregular gravel of a maximum size of 25 mm, and sand. Design concrete strength was 55 MPa. Control cylinders were cast and cured simultaneously with beams to determine the compressive strength of concrete. The compressive strength of concrete obtained from testing three cylinders is given in Table 1 Fig. 2 shows the loading and instrumentation arrangement of beams tested. All beams having two spans were tested to failure under a symmetrical two-point top loading system with a loading rate of 30 kN/min using a 3000 kN load capacity universal testing machine (UTM). Each span was identified as E-Span or W-span as shown in Fig. 1 and Fig. 2 Vertical deflections at mid-spans and support settlements were measured using linear variable differential transformers (LVDTs). The PI type gages were used for measuring diagonal crack width at concrete struts as shown in Fig. 2 . Strains in web reinforcement were recorded by 5 mm electrical resistance strain gages (ERS) located at different positions as shown in Fig. 1 . The test data were captured by a data logger and automatically stored.
Test set-up

TEST RESULTS AND DISCUSSION
Crack propagation and failure modes
The crack propagation and failure mode of continuous deep beams with web openings were strongly influenced by the location of openings and shear span-to-overall depth ratio but independent on web reinforcement around openings as observed in Ashour and Rishi's tests 15 . Typical crack propagation
and failure modes of beams tested are given in Fig. 3 according to the shear span-to-overall depth ratio and location of openings. A symmetrical crack pattern was observed for both E and W spans of the deep beams tested before failure. The first crack in all beams tested except solid beams occurred at opening corners near load points (at B and D in Fig. 2 ) and propagated toward load points, and then diagonal cracks at opening corners opposite to load points (at A and C in Fig. 2 ) appeared with the load increase as given in Table 2 . For beams having web openings within exterior shear spans, flexure cracks in hogging and sagging zones occurred almost simultaneously with a diagonal crack within the interior shear span after the occurrence of diagonal cracks around openings. For beams having web openings within interior shear spans, most cracks concentrated in the corners of openings and diagonal cracks at exterior shear spans didn't appear in most beams having h a / =1.0 as given in Table 2 . The failure mode of the beams tested can be categorised into two modes according to the location of openings as shown in Fig. 3 and given in Table 2 : mode A for beams having failure planes along diagonal concrete struts at interior shear spans (see Fig. 3 (b) and Fig. 3 (d)), and mode B for beams having failure planes at both interior and exterior shear spans (see Fig. 3 (a) and Fig. 3 (c) ). All beams having openings within interior shear spans failed in mode A, which had failure planes formed along the upper load path joining the edge of load plate and opening corner opposite to the load point (at A in Fig. 2 openings was almost the same as that of the companion solid deep beams, regardless of the configuration of web reinforcement around openings. After the first diagonal crack appeared at the web opening corners, the mid-span deflection of beams sharply increased compared with that of the companion solid deep beams and higher increasing rate of deflection developed in beams having openings within interior shear spans than in beams having openings within exterior shear spans. For beams having openings within exterior shear spans, the increasing rate of deflection was not influenced by the configuration of web reinforcement. On the other hand, the configuration of web reinforcement on the increasing rate of deflection and failure characteristics clearly influenced beams having openings within interior shear spans. Inclined web reinforcement was the most effective type for reducing deflection of beams with openings. In particular, beam 6IIB having inclined web reinforcement above and below openings showed some ductile behavior at failure despite of the compressive splitting failure of concrete struts as shown in Fig. 4 (c) .
Support reactions
The location of openings had a significant influence on support reactions as observed in Ashour and Rishi's tests 15 . Fig Fig. 9 and Fig. 10 , respectively, and Table 2 . Overall, load and shear capacities reduced with the increase in shear span-to-overall depth ratio. The load capacity of beams having openings within exterior shear spans was 10~15% smaller than that of the companion solid deep beams, but the shear capacity at failed shear spans of such beams dramatically decreased by 40~50% of the companion solid deep beams, irrespective of shear span-to-overall depth ratio. The load and shear capacities of beams having openings within exterior shear spans were insensitive to reinforcement arrangement around openings as failure planes formed within interior shear spans. On the other hand, for beams having openings within interior shear spans, both the load and shear capacities sharply decreased in comparison with the companion solid deep beams.
The web reinforcement around openings had a higher influence on both load and shear capacities of beams having openings within interior shear spans than beams having openings within exterior shear spans. Inclined web reinforcement was the most effective form for increasing load and shear capacities of continuous deep beams with openings, similar to simple deep beams with openings 4, 5, 7 . In addition, for beams having openings within interior shear spans, the load and shear capacities of beams with B-type web reinforcement were higher than those of the corresponding beams with U-type web reinforcement. This indicates that the web reinforcement below openings has a significant influence on the load and shear capacities of continuous deep beams with openings within interior shear spans, unlike that observed by Tan et al. 6 for simple deep beams with openings.
Comparison of test results with Kong et al's formula
The few theoretical investigations in the literature [5] [6] [7] to evaluate the shear strength of deep beams with openings focused on simply supported deep beams. In addition, no code provisions are available for the design of such members. Kong et al. 5 proposed an idealised load path based on the failure mode observed in simple deep beams with openings and having shear span-to-overall depth ratio less than 0.4, as shown in Fig. 11 . When the opening interrupts the natural load path joining the edges of load and support plates, main load path is turned to the lower path connecting the edge of the support plate and opening corner opposite to support. Hence, by modifying the equation of the shear capacity of solid deep beams, the shear capacity of deep beams with openings was proposed as follows 5 : (1), the first term and second term in the right hand side give the contribution of concrete strut below openings and longitudinal and web reinforcement, respectively to the shear capacity. Eq. (1) shows that the lower the reinforcement is placed, the more effective its contribution to the beam load capacity. for beams having shear span-to-overall depth ratio of 0.6 than those of shear span-to-overall depth ratio of 1.0 as Eq. (1) is experimentally calibrated against test results of simple deep beams having a shear span-to-overall depth ratio of 0.4.
CONCLUSIONS
To study the influence of web reinforcement around openings on the structural behaviour of reinforced concrete continuous deep beams, twenty four beams including two companion solid deep beams were tested to failure. Based on test results, the following conclusions may be drawn:
1. The influence of configuration of web reinforcement on beam deflections after the occurrence of the first diagonal crack was not significant for beams having openings within exterior shear spans, whereas inclined web reinforcement was the most effective form for reducing deflections of continuous deep beams having openings within interior shear spans.
2. The development of diagonal crack width was nearly independent on the configuration of web reinforcement for beams having openings within exterior shear spans. On the other hand, for beams having openings within interior shear spans, more effective control of diagonal crack width was exhibited by beams with inclined web reinforcement than beams with vertical or horizontal web reinforcement. The effect of inclined web reinforcement on controlling diagonal crack width was also more prominent in beams with web reinforcement above and below openings than that in beams with web reinforcement only above openings.
3. The load capacity of beams having openings within exterior shear spans was 10~15%
smaller than that of the companion solid deep beams, but the shear capacity at failed shear spans of such beams dramatically decreased to 40~50% relative to that of the companion solid deep beams, irrespective of shear span-to-overall depth ratio. On the other hand, for beams having openings within interior shear spans, both the load and shear capacities sharply decreased in comparison with the companion solid deep beams.
4. Inclined web reinforcement was the most effective type for increasing load and shear capacities of continuous deep beams with openings. In addition, the load and shear capacities of beams with web reinforcement above and below openings were higher than those beams with web reinforcement only above openings.
5.
The shear capacity of beams tested is overestimated using Kong et al's formula. However, the predictions were closer to experimental results for beams with shear span-to-overall depth ratio of 0.6 than beams with shear span-to-overall depth ratio of 1.0.
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